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Abstract: In the first part of this article, we hnd fractional D3-branes supergravity 
solutions on orientifolded C^/Z 2 orbifolds of type IIB string theory. The one-loop cor¬ 
rected gauge couplings for the symplectic or orthogonal groups living on the D-branes 
are reproduced on the world-volume of probes. In the second part of the paper, we 
construct a D3-brane solution on the two-centers Taub-NUT manifold which interpo¬ 
lates between fractional D3-branes in the ALE space limit and a T-dual smeared type 
IIA conhguration. Then, we lift this conhguration to M-theory and comment on the 
connections with wrapped M5-branes solutions. 
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1. Introduction 


During the last couple of years, the study of gauge/gravity duality has partly shifted 
from the original AdS/CFT correspondence |l[ and its less supersymmetric cousins 
to more realistic, non-conformal cases. Different approaches has been proposed and 
explored, with configurations preserving A/” = 2, A/” = 1 or no supersymmetries : mass 
deformations of a conformal field theory [^, ^, Q, NS5-branes or M5-branes wrapped 
on a Riemann surface § S 0. fractional D3-branes on orbifold spaces or conifolds 
0 . 0 0 0 . 0.0 0 0 . 0 P!B| , to cite several of those constructions. 

Typically, the “naive” supergravity solution displays naked singularities. However, the 
singularities are usually the manifestation of interesting and non-trivial phenomena 
in the infrared of the dual gauge theory and their resolutions in supergravity should 
take into account such effects. A typical example is the A/” = 1 solution of |^, where 
the chiral symmetry breaking of the field theory in the IR removes the singularity by 
deforming the conifold. 

This example uses fractional D3-branes which first appeared the context of string 
theory defined on orbifold spaces |^. On a conifold, one does not have anymore a 


microscopic description of the fractional D-branes and must rely on the pure super¬ 
gravity solutions. One the other hand, for fractional D3-branes in type IIB theory on 
the orbifold space C^/Z^r, one can use the conformal held theory technology. Indeed, 
these D-branes have an exact description in string theory as boundary states . 
Despite being less interesting for real world applications than their A/" = 1 counter¬ 
parts, these D3-branes conhgurations, whose world-volume gauge theory possesses an 
AT = 2 supersymmetry, could be seen as tools to study and to test the gauge/gravity 
correspondence away from its conformal limit, like the original, maximally (super- 
)symmetric D3-branes were useful for the conformal case. Indeed, the larger amount 
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of preserved supersymmetries gives a better control of the theories on both sides; in 
the gauge theory, we still have non-renormalization theorems, telling us, for instance, 
that the gauge couplings only receive perturbative corrections at one-loop. Moreover, 
its non-perturbative corrections could be, in principle, obtained using the Seiberg- 
Witten curve of the gauge theory |^. On the gravity side, one could also expect that 
the a' corrections are better controlled, as it is well known for solutions of heterotic 
string theories. Moreover, these M = 2 configurations display on their own interesting 
phenomena like the enhangon mechanism which was argued to solve the singular 
behaviour of their metrics; this characteristic is a common feature of several kinds of 
solutions preserving M = 2 supersymmetries presented in the literature, namely, mass 
deformation of an A/” = 4 gauge theory [“M, ^ 
surface 


1,0 0 


, NS5-branes wrapped on a Riemann 
Actually, the enhangon mechanism is 


^ or fractional D3-branes 
the gravity manifestation of the existence of Landau poles in the gauge theory, when 
the one-loop correction cancels the tree-level contribution. However, we know that 
the complete metric on the moduli space of a A/” = 2 gauge theory is not singular 
when Yang-Mills instantons corrections are included. It is still a challenge to describe 
precisely these effects from the dual point-of-view. 

Among M = 2 non-conformal conhgurations, the fractional D3-branes one seems 
to be the simplest. For instance, it is obvious to describe an arbitrary point on the 
Coulomb branch of the gauge theory since the vev of the adjoint scalars which param¬ 
eterize the moduli space are proportional to the positions of the fractional D3-branes 
and are chosen arbitrarily to construct the solution. One the other hand, in mass de¬ 
formed or wrapped NS5-branes configurations, the precise identihcation of the point on 
the Coulomb branch requires some work and, so far, it is not clear that any point can 
be obtained by deforming the known solutions^. Moreover, we can also see a fractional 
D-brane configuration as a “mass deformed” conformal theory : one can always start 
with a stack of bulk D-branes and give masses to bifundamental hypermultiplets by 
pulling away some fractional D-branes. At large distance, the theory will be conformal 
but, in the IR of the gauge theory, the D-branes sources break the conformal symmetry. 

The aim of this article, which is made of two independent parts, is two-folds. In 
the first part, we will generalize fractional D3-branes solutions to models with orien- 
tifolds. The presence of 0-planes leads to symplectic or orthogonal gauge groups on the 
world-volume of the D-branes. After a short review of some basic facts on orientifold 
projections and existence of fractional D-branes, we describe the supergravity solutions 
for two possible cases. Such solutions are similar to their parents type IIB and display 
common features, namely singularities and enhangon; as expected, we show that the 
one-loop corrected gauge couplings for orthogonal and symplectic gauge groups are 
reproduced on the world-volume of fractional D3-branes probing these backgrounds. 


'^An example of such deformation have been given in Q, where the vev are linearly distributed. 
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This result should be interpreted as a manifestation of the closed/open string duality. 
We also speculate on the relation between periodic monopoles and a refined solution 
close to the enhangon radius. 

The second part of this paper is a first step toward a comparison of the alternative 
approaches to describe pure SU{N) Af = 2 gauge theory using supergravity. One 
way to study the possible connection between very different branes configurations is 
to uplift them to eleven dimensions where they should be described as M5-branes 
wrapped on manifolds in such a way that, in the IR, the world-volume theory flows 
to the four-dimensional gauge theory. Moreover, the M-theory point-of-view could 
be useful to understand the approximations made and the domains of validity of the 
different solutions. In particular, one can think about non-perturbative effects that are 
inaccessible in the type II description. Indeed, we know that such an eleven dimensional 
approach has been fruitful in the past to recover non-perturbative - D-instantons - 
corrections to string effective actions whose form was conjectured using symmetry - 
self-duality - arguments |^, ^ . In this article, we study the case of the fractional 


D3-branes, first by constructing a solution on a two-centers Taub-NUT space which 
interpolates between the type IIB fractional D3-branes solution in the ALE limit and 
a partially smeared type IIA configuration in another limit. Then, we lift the solution 
to M-theory, where it describes an M5-brane wrapped on a Riemann surface. Finally, 
we will comment on the relation with M5-branes solutions proposed by to be dual 
to the pure SU(N) Af = 2 gauge theory but which has received much less attention so 
far than fractional D3-branes and wrapped NS5-branes. 

Note added in proof : while this article was reaching its final stage, appeared the 
preprint |^, which develops ideas similar to the ones considered in the second part 


by comparing fractional D-branes to wrapped branes solutions in the context of three 
dimensional gauge theories. 


2. Fractional D-brane solutions with orthogonal and symplectic 
gauge groups 

2.1 Orientifold projections and fractional D3-branes 

We start with type IIB string theory on the non-compact orbifold space C^/Z 2 ; the 
directions parallel to the orbifold will be called The twisted fields of 

this theory, namely the NS-NS scalar b, the three blow-up modes, the R-R 

scalar c and the R-R 2-form £11 a six dimensional A/e = (2,0) tensor multiplet. 
In order to discuss the orientifold projection, it is convenient to use the A/e = (1,0) 
supersymmetry language where this tensor multiplet is split into a tensor multiplet and 
a hypermultiplet. The fields b and make up the first while the four other scalars 
fill the hypermultiplet. 
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“Standard” orientifold projection |^, keeps the hypermnltiplet and projected 
ont the tensor mnltiplet. Therefore, the fractional D-branes which appear is this model 
always come in pairs. One can see this easily using a T-dual type IIA description. T- 
dualizing the orbifold space C^/Z 2 along its U ( 1 ) direction maps the Ai singularity to a 
pair of NS5-branes separated along the T-dualized direction, [^, |^. The orientifold 
9-plane splits into two orientifolds 8 -planes located at antipodal points on the circle 
parameterized by x®. For the standard choice, each of the NS5-branes coincides with 
one 08-plane. Now, we remind the reader that, under T-duality, the twisted helds 
are supposed to be mapped to differences between the helds which live on each NS5- 
branes and which also hll A/e = (2, 0) tensor multiplets |^. For instance, the b held is 
related to the distance between the two NS5-branes along x® while the blow-up modes 
are mapped to the relative positions of these branes along x^,x® and x®. Therefore, 
for symmetry reasons, we see that, for such orientifold choice, the held b and are 
projected out. 

One the other hand, the above T-dual picture suggests another choice for the 
orientifold projection |^, ^ which will give fractional D-branes similar to their 

type IIB counterparts [^, Indeed, it is possible to move the NS5-branes oh the 


08-planes in the direction x® and the symmetry of the problem imposes that the 
NS5-branes can not be moved anymore independently in the x^,x® or x® directions. 
T-dualizing back to type IIB string theory, this means that the orientifold operation 
now projects out the hypermnltiplet of the twisted sector. The orbifold space lacks 
its blow-up modes but has a twisted NS-NS b held and its 2-form companion. In the 
following, we will always consider this second possibility and construct the fractional 
D-branes solutions on such backgrounds. 


To get fractional D3-branes, we perform two T-dualities along two directions trans¬ 
verse to the orbifold; the R-R 2-form becomes a twisted 4-form under which the frac¬ 
tional D3-branes will be charged and which can also be Hodge-dualized to a scalar, 
called c below. The theory will contain 07-planes, and depending on the orientifold 
projection, D7-branes to cancel the tadpole of the R-R 8 -form. More precisely, we will 
consider in this paper two diherent orientifold projections which give rise to symplectic 
or/and orthogonal groups on the fractional D3-branes. 

The hrst one has an orientifold projection dehned by Pi = (1 -|-a)(l -|-D')/4 where 
a is the generator of the Z 2 orbifold group acting on the coordinates as x®, x^, x®, x® —^ 
— (x®, x’^, X®, X®) and D' = DP 45 (— 1 )-^^ where D is the standard orientifold operator, P 45 
is the reflection in x^,x® directions and (—1)^^ acts as -1 on the left-moving Ramond 
sector. The presence of these last two operators is due to the T-duality transforma¬ 
tions. This model contains four 07“-planes whose total negative charge under 
is neutralized by adding 32 D7-branes. In this background, we can have fractional 
D3-branes and the gauge theory which lives on the world-volume of N of those has a 
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gauge group Sp{2N), with a hypermultiplet in the fundamental representation, coming 
from strings stretched between the D7-branes and these D3-branes. More precisely, as 
in type IIB string theory, we have two different kinds of fractional D3-branes, whose 
world-volume theories are obtained by a projection of the gauge theories living on their 
type IIB parents. For the orientifold projection Pi both types of fractional D-branes 
have the same massless held content. Therefore, for 2Ni fractional D3-branes of the 
hrst kind and 2 N 2 of the second kind (we are counting also their images under hi'), 
the gauge theory will have a group Sp{2Ni) x Sp{2N2) with one hypermultiplet in the 
bifundamental, two in the Di and two in the ^ 2 . The minimally covariantized action 
of the linear couplings of these D3-branes to the background helds can be extracted 
from their boundary state description : 


* 51/2 


T3 

V^^orb 


e \/—det( 5 f -|- F) 




± 


AW X 
27r^a'/ 


( 2 . 1 ) 


where g is the induced metric on the world-volume of the D-brane : gap = G 

The second orientifold projection we will consider does not contain any D7-branes. 
The operator is dehned by P 2 = (1 + a)(l + where {3"^ = a and does not induce 
any R-R tadpole. In the T-dual picture, the corresponding orientifold plane splits into 
two 06-planes, one negatively charged and the other oppositely charged under the 
R-R 7-form. Again, in this background, we have two kinds of fractional D3-branes; 
however, the orientifold projection now gives rise to a Sp{2N) gauge theory on the hrst 
type and to a SO{2N) gauge group on the other. The T-dual description gives again 
a simple geometrical interpretation of this result : the hrst case corresponds to D4- 
branes intersecting the (96”-plane as for Pi, while the second comes from a D4-brane 
intersecting the positively charged O-plane. The most general conhguration will have 
Ni fractional D3-branes of the hrst kind and N 2 of the second type (plus their images 
under hi'), leading to an Sp{2Ni) x SO{2N2) gauge theory with one hypermultiplet in 
the bifundamental. The superconformal theories constructed using D3-branes in these 
models have been studied in In the context of the AdS/CFT correspondence, 

supergravity solutions for these conformal conhgurations have been given in . 


2.2 Supergravity solutions and one-loop metric on the modnli space 
2.2.1 The field equations 

Since we know their type IIB counterparts, the supergravity descriptions of these frac¬ 
tional D3-branes are easy to hnd. Indeed, we have just seen that they couple to the 
same supergravity helds. The helds projected out by the orientifold operators, namely. 
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the untwisted NS-NS 2-form, the untwisted R-R 2-form, the twisted R-R 2-form and 
the blow-up modes were already inactive in the type IIB case. Therefore, the homo¬ 
geneous field equations will be identical. These equations for the scalar fields can be 
read in 0 , 1 ^ 


( 2 . 2 ) 

(2,3) 


d* dr = 0 , 

(i*®d 7 -|- iF( 5 ) A {dc + rdb) — bd*^dT = 0 
where we have introduced the complex combinations 

r = -|- ie~'^ and 'y = c + rb 

and defined the self-dual 5-form 

+ *dC^^l 


Requiring that a fraction of the supersymmetries is preserved by the solution implies 
that the scalar fields r and 7 must be holomorphic functions of z. This constraint has 
been used to derive the equations (|2.2|) and (|2.3|). The two-dimensional homogeneous 


Laplace equation (|2.2|) is automatically satished and the precise form of r must come 
from other arguments, one being that it has to reflect the presence of sources for the 
untwisted R-R scalar. An other requirement is that its imaginary part, e~'^, must stay 
positive. Finally, one can also use its modular properties under the group S'L(2,Z). 

Using the standard metric and self-dual 5-form ansatz for D3-branes on top of 
D7-branes/07-plane P5[] , 


ds^ = H-^^^7]o,pdx^dx^ + H^/^{e^dzdz + dijdx^dx^), 

= d{H-^dx^ A ... A dx^) + *d{H-^dx° A ... A dx^), 

in the Einstein and 5-form equations leads^ 

dx^ A dx^ [e^S^^didj + dzds) H — 5{x^)... 6{x^)db A dc = 0 


(2.4) 


(2.5) 


for the harmonic function H{z, z,x^). Finally, V’ is a function of z and 2 ; which obeys 
the equation 


dzds {^|J - logTa) = 0 . 


( 2 . 6 ) 


Compared to the fractional D3-branes on top of D7-branes studied in []^, |^, the 
difference lies in the boundary conditions (or, equivalently, source terms in the right 
hand side of the above field equations) and in the geometrical symmetries imposed by 
the orientifold projections. 

^In this article, we will only write the homogeneous equations. The presence of the D-brane sources 
for the fields will be imposed at the level of the boundary conditions. 
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2.2.2 Sp{2Ni) X Sp{2N2) gauge theory 

Besides the usual orbifold projection (1 + 0 ), the orientifold projection Pi has a ge¬ 
ometrical action on the coordinates z = + ix^ —> —z, due to the presence of the 

reflection operator i ?45 in hi'. One of the four orientifold 7-plane is located at the hxed 
point z = 0 of this operator, the three other being rejected at infinity in the decom- 
pactihed limit of the theory. In this study, we will forget them and consider only the 
07-plane at the origin and its eight D7-branes companions. If one only imposes the 
global cancellation of the untwisted R-R tadpole, these D7-branes can be located away 
from the origin of the ; 2 -plane. However, the R 45 symmetry imposes a constraint on 
their positions. Moreover, these D7-branes carry a charge under the twisted R-R held 
which, in absolute value, is one quarter of the charge of a fractional D3-brane. Before 
doing the T-dualities along x"^ and x^, twisted R-R tadpole cancellation was a require¬ 
ment for the consistency of the theory and imposed that one half of the D9-branes 
carries a positive charge and the other half a negative charge. 

In the decompactihed theory obtained after T-duality, this choice is no longer 
required. However, in this article, we will still assume that the twisted charge induced 
by the D7-branes vanishes locally : in other words, four pairs, each made of D7-branes 
with opposite twisted charges, will be located at points z = irrij, i = 1, 2. Therefore, 
all the twisted charge will be due to the presence of fractional D3-branes. 

Separating the D7-branes from the 07-plane generates non trivial dilaton and 
untwisted R-R scalar. The presence of these sources for the R-R held leads to the 
following asymptotic behaviour : 


t{z) ~ i 



; log(z) - 2 ^ log(; 


i=l 



(2.7) 


which displays the expected monodromy. We have also taken into account a constant 
background value for T 2 . However, the function ( |2.7| ) does not always have a positive 
imaginary part, and, therefore can not be the complete answer. 

This problem has been solved in |^|, where, using its modular properties, a formula 
has been proposed for r : 


i=l 


(2.8) 


j is the modular invariant function and r is restricted to the fundamental domain P 
of the modular group. Indeed, j induces a one-to-one mapping between T and the 
2 ;-plane. At large r 2 , one obtains the result ( |2.7|) but, even if this approximation will 
be adequate for the purpose of this article, one should keep in mind that it is not the 
whole solution and that corrections could be needed to tackle other problems. 
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The only sources for the twisted held equation (|2.3|) are the actions (^T|) of the 
two kinds of fractional D3-branes. The positions of the D-branes of the hrst kind 
will be denoted izip for p = 1,... ,Ni while, for the other set, we will use ±Z 2 q for 
q = 1,... , N 2 . As in the previous case, this information leads to the formula : 


7(.-) ~ M.sfc' 5 : I f log hipi _ log 


e=±l \p=l 


q=l 


A 


(2.9) 


from which we can extract the twisted scalar b and the twisted 4-form after an 

Hodge duality : 

i ~ 479f o' Re ^ f f log - f; log 


e=±l \p=l 


~ Airgfa' Re EE log 

e=±l Vp=l 



dx^ A ... A dx^. 


As explained in the appendix of this prohle only encodes one-loop open string 
effects. However, usually [0, [T^, one takes this formula as the full solution to the 
held equation. This choice can be justihed if one insists on preserving the rotational 
symmetry in the 2 ;-plane when all the D-branes are located a.t z = 0. Indeed, other 
holomorphic solutions involving subleading corrections to (|2.9|) breaks this symmetry, 
which, from the gauge theory point-of-view, corresponds to the U{1) of the R-symmetry 
group. As we will see below, this solution contains enough information about the gauge 
coupling renormalization as predicted by open string/closed string duality and, from 
the gauge theory point-of-view, we do not expect any higher order perturbative cor¬ 
rections to it. However, this argument does not rule out the existence of exponentially 
vanishing corrections of order (A/ 2 ;)”, n > 0, which could be attributed to D-instanton 
effects and, under the gauge/gravity correspondence, are expected to be mapped Yang- 
Mills instantons effects. 

Actually, in the context of fractional D2-branes it has been argued recently 
that the leading order solution receives corrections which are exponentially small at 
inhnity but become important at some hnite distance from the core. The idea was 
to “improve” the effective description by going to a special point of the moduli space 
of the type HA on T'^/Z 2 string theory where fractional DO-branes become massless. 


^In the paper |Q, it was believed that the Harvey-Liu solution was mapped under heterotic 
on T'^/type IIA on K3 duality to the D6-brane wrapped on K3 configuration of but, actually, 
it corresponds to the fractional D2-brane case. The wrapped D6-brane configuration is mapped to a 
superposition of H and KK-monopoles in the heterotic string and its “non-abelian” generalization is 
not known so far. 
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Indeed, the breakdown of the supergravity description in the case of fractional D2- 
branes corresponds to the appearance of new massless states at a special radius Vg, due 
to fractional DO-branes, which had been integrated out in the standard supergravity 
action. At this radius, a U{1) gauge theory (corresponding to the R-R 1-form 
under which the fractional D2-branes are magnetically charged) gets enhanced to a 
SU{2) group, the new massless states playing the role of W-bosons. A correct way to 
deal with this problem is to go directly to the SU (2) point of the moduli space of the 
string theory and search for a solution of the new held equations. In this case, the 
twisted helds, b and obey a SU{2) Bogomolnyi equation. Its analytic solution is 
known for a magnetic charge equals to one. Asymptotically, the solution looks like the 
Dirac monopole but, close to the enhangon radius, non-perturbative effects due to the 
fractional DO-branes completely change the picture and lead to a smooth, non-singular 
metric (except obviously at the origin, where we always have a singularity, as for any 
D-brane). The twisted NS-NS held b plays the role of a Higgs held and, away from the 
special radius rg, the SU{2) group is broken to a U{1) by the Higgs mechanism and 
the fractional DO-branes get a mass proportional to b. 


In the case of fractional D3-branes, we expect that similar ehects will also solve the 
singularities of the metric, by taking into account the fact that fractional D-instantons 
become massless at r = Ug. More precisely, one expects the modihed solution for the 
twisted helds to be given by the periodic monopole solutions considered by |^, in the 
limit of a vanishing circle : in this paper, the authors discuss solutions to the non- 
abelian Bogomolnyi equation on x In the language of the last paragraph, this 
would describe fractional D2-branes with a transverse direction (also transverse to the 
orbifold) compactihed. In the zero radius limit, we obtain the T-dual conhguration, 
namely fractional D3-branes. Obviously the asymptotics, given by the Dirac solution, 
coincide with (|2.9|) but, unfortunately, the full solution is not known, even in the case 
of a charge one periodic monopole. However, one expects that the solution will be 
modihed at short distances, like for the t’Hooft-Polyakov monopole, in such a way that 
the metric singularities are smooth out. More speculatively, one could conjecture that 
the exact solution is such that the cascading-like behaviour of the D3-brane charge 
discussed in and refuted in |]^, completely disappears, since we do not expect 
such a Seiberg duality in a A/” = 2 gauge theory. It would be interesting to investigate 
these questions further but, for the purpose of this article, we stop these speculations 
now and consider only the formula (|2.7|) and (|2.9|) . 

Using a D-brane probe, we will show that these asymptotics carry enough infor¬ 
mation to reproduce the one-loop corrected effective action on the moduli space of the 
Sp{2Ni) gauge theory with 2A^2 + 2 hypermultiplets in the fundamental representation. 
The Laplace equation (|2.5|) for the harmonic function H can not be solved explicitly in 
the case of D7-branes away from the origin of the z-plane but will not be needed. When 
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the untwisted R-R charge is zero, one can choose and the harmonic function will 
be similar to the case of type IIB on C^/Z 2 [|T^ . 


To probe the background, we consider a fractional D3-brane of the first kind located 
at a position z. Inserting into its action 5i the supergravity fields, we can extract the 
gauge coupling and the kinetic term for the adjoint scalar helds <I>“ which belong to 
the vector multiplet. The expansion of the action to quadratic order in the gauge and 
scalar fields leads to : 


5 = 


8 vr^, 


^ ( 1 + 


B 


2 A'; + 






( 2 . 10 ) 


with 


Ni 


gy^iz) Mgf 87r2 


^ E ( E 2 

£=±1 \p=l 

+ 41og(|-) - ^ log 

i=l,2 


+ ^Zip) 


N2 


A E2>°S- 

q=l 

- mj) 

A 2 


+ ^Z2q) 

A 


( 2 . 11 ) 


This formula is the one-loop corrected gauge coupling of the symplectic gauge theory 
on its Coulomb branch |?^, where the vev of its adjoint scalars are proportional to 
Zip, with 2 N 2 + 2 fundamental hypermultiplets. This one-loop renormalized gauge 
coupling displays Landau poles where the enhangon mechanism has been argued to take 
place. However, we know from the gauge theory point-of-view that the complete moduli 
space metric, which includes non-perturbative - Yang-Mills instantons - corrections is 
a smooth manifold, something that our solution is not able to capture. 

2.2.3 Sp{2Ni) X S0{2N2) gauge theory 

The set of fixed points of the other orientifold projection, P 2 , reduces to the plane left 
X® = = X® = X® = 0 left invariant by the orbifold operator a. There is no dilaton 

tadpole and the complex scalar r is a constant. However, the orientifold projection 
induces a background twisted charge |^, ^ which is precisely twice the charge 
of a fractional D3-brane of the hrst kind. One of the consequences of this background 
charge is that the conformal held theory case requires fractional D-branes and not just 
bulk D-branes : it is obtained for A '"2 = Yi -l- 1. A solution to the twisted held equation 
which correctly encodes the presence of these sources reads 


7 ( 2 ;) = Aingfa' 


Ni , \ N2 


^£=±1 \p=l 


9=1 


(z + ez2g) 


-h 21 og 


A 


( 2 . 12 ) 
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Again, we can probe this supergravity background using the two different kinds of 
fractional D3-branes. Extracting the kinetic terms for scalar fields on the first kind of 
probe located at z leads to 


5i = - I ^ 5 : (f;21ogff±^ - f;21ogff±^ ) + 41og *■ 


Sngf ^ ^ “ A ^ ” A j ' ” A 

£=±1 \p=l q=l 


j dV (2.13) 


while, for the other probe, 
52 = 


' +5^Re5:(^21og(i±^)-^21og<il^l-41ogi 


STTgf Stt^ 


e=±l \q=l 


p=l 


A 





In these expressions, we recognize respectively the one-loop corrected metric on the 
moduli space of the (5p(2A'i) -|- 2 N 2 Di) and (50(2A^2) + 2A^i 02 ) gauge theories. 


To conclude this first part, we must mention that there is (at least) another way to 
obtain fractional D3-branes with orthogonal or symplectic gauge groups. The construc¬ 
tion, which has been described in for the case of type IIB string theory on C‘^/7j2N, 
uses an 03-plane. For iV = 1, the gauge theory which lives on the two possible kinds 
of fractional D-branes is Sp{2Ni) x SO{2N2) with a hypermultiplet in the bifunda¬ 
mental. In this paper, one can also see that the orientifold projection, called fill, does 
not introduce any untwisted tadpoles but gives the same background twisted charge 
in the sector k = N as the P 2 projection we considered in this section. Therefore, the 
supergravity solution and the gauge couplings renormalizations will be identical. 


3. Fractional D-branes versus wrapped M5-branes 

3.1 D3-branes on a two-centers Tanb-NUT space 

Alternative approaches to describe non-conformal pure M = 2 SU{N) super-Yang- 
Mills theories using supergravity solutions have been discussed recently iSI. 

It would be interesting to make connections between these various models and to 
completely understand which points on the moduli space of the gauge theory they 
describe. The aim of this section is to provide a first step in this direction by comparing 
the fractional D3-brane supergravity solution of type IIB on the non-compact orbifold 
C^/Z 2 to another proposal, namely the M5-brane wrapped on a Riemann surface of 
121 . 
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The strategy we will adopt is to lift the type IIB solution to eleven dimensions. 
To do this, we will first replace the orbifold singularity by the two-centers Taub-NUT 
space. Indeed, we know that, on one hand, a fc-centers Taub-NUT manifold degenerates 
into a orbifold in a specific limit and, on the other hand, it is T-dual to k 

NS5-branes delocalized along the T-dualized direction |^, Then, we construct 


fractional D3-brane solutions on this ALF space, using the method described in 
to obtain the supergravity solution for D3-branes with fluxes on the Eguchi-Hanson 
manifold. Performing a T-duality along the fibered U{1) of the Taub-NUT manifold, 
we will obtain a type IIA solution describing D4-branes stretched between NS5-branes. 
Finally, using the type IIA/M-theory duality dictionary, we will lift the solution to 
eleven dimensions. 

Let us first begin by reviewing some properties of the two-centers Taub-NUT space 
which will be useful to find the D3-brane solution. The metric of the Taub-NUT 
manifold parameterized by the coordinates (x®,... ,x^) and with centers located at 
x* = x\^ x\ for i = 7, S, 9, can be written as : 


'^'STaub-NUT = V5ijdx^dx^ + V ^(dx^ -I- Aidx^Y (3-1) 

with 

V = 1+ ^ ^ ^ and diV = eijkdjAk. (3.2) 

a=l,2 

In order to avoid conical singularities at r = 0, the coordinate x^ must have periodicity 
AttR. The metric is asymptotically flat and approaches the cylinder x 5*4^^ at large 
|x|. When the centers become coincident, this metric has a Z 2 singularity at r = 0. 
In this case, the orbifold limit is obtained by sending the radius R to infinity. More 
precisely, if one defines the new coordinates (r, 9, 0, '0) 


x^ = 2R'ip^ x'^ = rcos9, x^ = rsmO^coscj) and = r sin 0 sin 0 


in the limit i? —>• cx), the metric (|3.1|) with xi = X 2 = 0 degenerates to 


~ 2i? I - (dr^ -I- r‘^{d9‘^ + sin^ 9d(p‘^)) + r{dijj -|- cos9d(p)‘ 


(3.3) 


where ip ^ ip + 27i. We recognize the metric of an ALE space with an Ai-type sin¬ 
gularity. If we define the radial coordinate r = 2y/2Rr, we obtain a flat space metric 
with a Z 2 identification. 

The two-centers Taub-NUT manifold (|3.1| , |3.2| ) possesses a homology 2-cycle given 
by the fibration of the parameterized by x^ over the segment joining the two centers. 
For coincident centers, in the limit i? —cxo, it degenerates to the vanishing 2-cycle of 
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the Z 2 orbifold located at the origin of the space. The dual of this cycle is an anti-self- 
dual harmonic 2 -form, defined as 

^(2) = d{V-\dx^ + 2Rcosed(j))) (3.4) 

and which satisfies the relation 

A G^^^ = — A(r) hlxaub-NUT (3.5) 

where A(r) = {dV~^Y hlTaub -nut is the volume form of Taub-NUT. 

To recover the fractional D3-brane solution in the orbifold limit, we will search for 
a D3-brane metric of the form 

~ ^ [dzdz + • (3-6) 

induced by the presence of fluxes of NS-NS and R-R 2-forms through the 2-cycle of the 
Taub-NUT space^. In the orbifold limit, they become twisted NS-NS and R-R scalars. 
They are expressed in term of the harmonic 2-form : 

G(2)-i-^5(2) = (3.7) 

and the complex scalar 7 is a solution of the two dimensional Laplace equation 

□r 27 = 0 (3.8) 

in the space transverse to the D3-branes and to the Taub-NUT manifold. As in the 
previous section, requiring the preservation of supersymmetries imposes that 7 is a 
holomorphic function. Moreover, we would like to have N fractional D3-branes located 
at positions Zp. A solution satisfying these constraints is given by 

7 (z) = AiTrgfa' ^ log (3.9) 

p=i 

but, as discussed in the previous section, it could receive corrections which improve its 
behaviour close to the D-branes. 

Finally, the Einstein equation implies that the harmonic function H{r,z,z) must 
verify : 


(n]R 2 -|- DTaub-NUT) H — —\dz'-i\^/S.{r). (3.10) 

'^An alternative approach would be to search for a “true” D5-brane solution wrapped on the 2-cycle. 
This has been explored in M- There, the NS-NS 2-form is zero while the dilaton has a non-trivial 
profile. Moreover, the solution does not carry any D3-brane charge. 
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A standard way to obtain solntions to this eqnation is to perform a Fonrier transfor¬ 
mation over z and z. For simplicity, we will consider only the case oi Zp = 0 for which 
the rotational symmetry in the z-plane is preserved. We call p = a/zI. Therefore, the 
Fonrier transform of the harmonic fnnction H is defined by 

1 r°° 

= dppJoMiH{r,p)-l). (3.11) 


p rnns from 0 to inhnity. For convenience, the constant part of the harmonic fnnction 
has been snbtracted to define its Fonrier transform. Then, the field eqnation ( 3.10|) 
becomes 




H + J 


0 , 


(3.12) 


where J is the Fonrier transform of V■ 

The general solntion of this eqnation is the snm of the homogeneons eqnation 
solntions and of a particnlar solntion. One can see that the homogeneons eqnation is 
related to the Whittaker eqnation; its generic solntion is given by 

Hh{r,p) = ^ (a{R, p)W_^ji^_i{2pr) + P{R, p)W^j^ _i{-2pr)^ . (3.13) 


To £x the integration constants a and /?, we will impose (hopefnlly) reasonable D3- 
brane bonndary conditions in the asymptotic regions r ^ oo {R small) and r —> 0 (i? 
large). 

First, one would like to have an asymptotically flat metric when r —cx). This 
implies that limr^oo Hp) = 0. On the other hand, we know the behaviour of the 
Whittaker function when the norm of its argument is large : 


Wa,b{x) ~ a;“e for |x| —^ cxo. 


(3.14) 


This means that (3 must vanish. 

Then, we can consider the ALE space limit, namely R large, with r = 2\/2Rr fixed, 
arbitrary, being the radial coordinate of the four-dimensional flat space. At leading 
order, we would like to recover the hrst term of the harmonic function of fractional 
D3-branes [O at the orbifold conformal field theory point where they carry half of the 
mass and of the charge of bulk D3-branes 


(iL \ 1 4vri^ 

V8/2’V “ (h2 + p2)2 


®This expression is the same as for N standard D3-branes in a flat space. However, one must 
remember that the I 2 identiflcation ~ '0 -|- 27r divides by two the volume of the surrounding 5- 
sphere used to compute the (untwisted) D3-brane charge and, therefore, gives only an N/2 D3-brane 
charge. 
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whose Fourier transform is expressed in term of the Bessel function Ki as : 




-B ^/2 


AnNgfa 


/iiFi(/ir) 


Using the following property of the Whittaker function ||^ 

/ir^ \ 


lim 

R-^oo 


r(l + g,R) 


AR ) 


= /iriFi(pr), 


(3.15) 


one hnds that a{R, fi) ~ dvriV^ff r(l +/ii?)/16i? when R is large. A priori, this 
formula is valid only in the ALE space limit and does not say anything when R is 
small. However, one can try to see if we obtain a sensible answer when we extrapolate 
this expression to small R, where the Taub-NUT space is asymptotically of the form 

X SU 

Therefore, let us consider as the full solution of the homogeneous equation the 
following expression : 

^ (3,16) 

and study its small R behaviour. If we expand this formula in the asymptotic region 
R small, r —> cx), we obtain : 

A7rNgfa'^T{l + fiR) 


Hhir, g) 


IQRr 


e (1 + /ii? log(2pr) + ...) 


(3.17) 


Its leading order in an expansion in series of R can be Fourier transform back to : 


Hh{r,p) ~ 1 + 




ATiNgfa 


(3.18) 


16i?(r2 + 

In this expression, we recognize the smeared harmonic function of A^/2 D3-branes 
delocalized along the circle division by two of the D3-brane 

charge imposed in the ALE space limit by choosing a fractional D3-brane boundary 
condition has propagated to the other limit where the Taub-NUT space degenerates 
to X 5*4^^ with R small. Actually, when R is sent to zero, the type IIB description 
is not the correct one anymore and one must go to its type IIA dual. In the next 
section, we will perform explicitly this T-duality and we will show that the division 
by two conhrms the interpretation of the T-dual conhguration as D4-branes stretched 
between NS5-branes, carrying half of the charge of standard D4-branes. 

However, before doing this, we must mention that the full solution could be ob¬ 
tained by adding to (|3.16|) a particular solution of the equation (|3.12|) . To hnd such 
a solution one can use the method of |T^ : one constructs hrst the Green function 
G{g\r,r') with the appropriate boundary conditions using the solutions of the homo¬ 
geneous equation. Then, the particular solution will be given by 


Hn-h{r,g) = - / G{g\r,r')J{r',g){r'fdr'. 


(3.19) 
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3.2 Uplift to eleven dimensions and comments 


Using transformation rules for NS-NS and R-R fields given in [^], we can perform a 
T-duality along the isometric direction x® to map the above solution to a type IIA one. 
Discussions in the literature have argued that the dual of the two-centers Taub-NUT 
space is given by two NS5-branes whose separation in the x® direction is related to 
the twisted scalar b and that the fractional D3-branes become D4-branes stretched 
between the two NS5-branes. The T-dual coordinate x® has periodicity ira'/R and 
the type IIA gauge coupling constant is = gf /2R. The D4-branes/NS5-branes 
metric, dilaton, NS-NS and R-R field strength read : 


dsjiA = H ^'^^dx^AS + {dzdz + V6ijdx’‘dx^) -|- H ^^‘^V{dx^ — bdV 

= d(x® - bA dO A dcj), 

R 

F(2) = -dcAdV-\ 

p{i) _ ^ Q y-i _ hdy-i'j A dc + 2cdb A dV~^) AdO A dcj), 

R 

= dH-^ A dx° A ... A dx^ A (dx® - fedU”^), 
a{z) = (c + ib){z) = AniNgf^^^X— log (3.20) 

where we have dehned the dual radius R = a'/2R. As always after T-duality, the 
p-forms appear at the same time as the dual 10 — p-forms. However, one can transform 
the 4-form to its Hodge dual and combine the result with the of (|3.20|) . 
More surprising is the existence of a non trivial R-R 2-form It comes from the 

dualization of the 2-form potential which was required to obtain a solution which 
preserves supersymmetry. Dualizing this 2-form field strength to an 8-form gives : 


= (ddU)-^dx® A... Adx^ AdbA (3.21) 


Therefore, we see that the R-R 7-form potential vanishes and the 8 -form is induced by 
the non-trivial NS-NS 3-form field strength and R-R 5-form potential C'^Xx^x'^x^p- 
Since the type HA solution has been obtained using T-duality in the x® direction, 
the two NS5-branes are delocalized along this coordinate and their harmonic function 
is smeared : 

Rr 


In particular, momentum modes along x® have been neglected |^. Moreover, this 
NS5-brane harmonic function does not include the back-reaction due to the stretched 
D4-branes. 
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Now, we can express the leading order (|3.18|) of the harmonic fnnction in term of 
type IIA variables : 


Hh{r,p) ~ 1 + 


2(r2 + p2^3/2 


(3.22) 


This harmonic function corresponds to N D4-branes with half of the mass and charge 
of standard D4-branes as one can expect for D4-branes stretched between NS5-branes 
located at antipodal points of the circle®. This result is an argument in favor of the 
conjecture that the expression (|3.16|) is correct not only for large R but also for any 
radius. 

Then, we can uplift this solution to eleven dimensions. The type IIA and eleven 
dimensional metrics are related by 


which leads to the result 


(3.23) 


ds\^^ = {HV)-^/^dxl^^ + {dr"^ + r'^dnj) + E'^I^V-^'^dzdz 

+ i/-V3^2/3 5^^-1)2 ^ ^ cdV-^f) . (3.24) 


To relate this solution to the wrapped M5-branes configurations considered in 


we 


rewrite the metric as a function of the new complex coordinate z^ = s defined as : 

s = x^ + ix^^ + i'^{z)V~^{r). (3.25) 

Renaming z into z^, the metric takes the form of the Fayyazuddin/Smith ansatz [^, 


ds\id = 9 ^^^dx\^2. + {dr'^ + + 9 ^^^9mndz^dz^ (3.26) 

where g = HV is the determinant of the Kahler metric 

g^2 = H + g^s = V, g^s = -idj, gsz = idj. (3.27) 

It is easy to check that this metric verihes the equations : 

dmdn9 + □ 35 'mn = 0. (3.28) 


In particular, the equation ( p.28| ) for {m,n) = (1,1) is just a rewriting of ( b.lOl) . 

®The approximation ( 3.22 ) corresponds to this symmetric configuration since the bending of the 
NS5-branes due to the stretched D4-branes appears only when one takes into account the non- 
homogeneous solution. 
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To summarize, starting with the type IIB supergravity solution which describes 
fractional D3-branes on a two-centers Taub-NUT space, we have obtained a partially 
smeared supergravity solution representing M5-branes wrapped on a two dimensional 
surface parameterized by the coordinates s and z. Since the gauge theory living on 
the world-volume of the D3-branes is a pure M = 2 SU{N) SYM theory, the eleven 
dimensional solution should also correspond to this theory and one expects that the 
the Riemann surface is given by the Seiberg-Witten curve of this gauge theory. 

This problem has been studied directly in eleven dimensions in [^, where a com¬ 
pletely localized solution has been proposed. Let us remind in few words their result. 
The authors of considered a conhguration of M5-branes wrapped on the Riemann 
surface dehned by 


f{t,z) — t + 2B{z) + - — 0 


(3.29) 


which is the Seiberg-Witten curve of the pure M = 2 SU{N) SYM theory when B{z) = 


uUz -z,)m- In this case, only the eleventh coordinate is compactihed x 


10 


+ 2ttR' and t = . They consider a “decoupling” limit, where held theory 

quantities are held hxed while the eleven dimensional Planck scale is sent to zero. The 
new variables Z, S and u dehned by 


z = ^ 


a' 


tp 


S = — 
R'’ 


u = 


Lp 


(3.30) 


are hxed under the scaling. In term of these new variables, the Kahler potential which 
dehnes the metric appears as the sum of two terms K = F{Z, S), F(Z, S)) + 

\G{z,s)r. 


Ki'\u,F(Z,S),F{Z,S)) = 

-h |F|^ - 

dt 




G{Z, S) = 


ZNp 


\J{i-B{tz)y 


F = 


(3.31) 


Using this Kahler potential, one can calculate the determinant of the metric : 

(3. 

This metric is singular at the location of the M5-brane, namely on the Seiberg-Witten 
curve at r = 0. However, it does not have the repulsive singularities displayed by other 
Af = 2 solutions. It would be interesting to probe this background to see if one can 
reproduce the running of the coupling constant on the world-volume of the probe. To 



ttN 

2(^4+ |F|4)3/2' 


18 













do this, one should consider the action of M5-brane wrapped on the Riemann surface 
defined by (|3.29|) . 

Unfortunately, we see that the two solutions are obtained in two very different 
approximations. Indeed, in the D3-brane case, s parameterizes a 2-torus while the 
Seiberg-Witten curve (^.291 ) is valid only when x® is a non-compact coordinate. More¬ 
over, the M5-brane solution considered here is smeared over this 2-torus, whereas the 
solution ( p.32|) of was completely localized. Since the functions V and 7 are smeared 
and depend explicitly on the radius of compactihcation, the decompactification limit 
is meaningless. The last difference is that our metric is asymptotically flat while the 
M5-brane of is only a “near-horizon” solution. One can take also a near horizon 
limit in (|3.24|) but the other approximations and hypothesis make the comparison im¬ 


possible. Obviously, it would be very interesting to hud a solution which goes beyond 
the limits of these two solutions, namely which is fully localized on the 2 -torus and 
is not just valid in a decoupling region but the task seems to be difficult. A better 
understanding of the properties of the solution of in particular in the optic of the 
gauge/gravity correspondence, is also desirable. 


Acknowledgements 

I would like to thank M. Bianchi and A. Sagnotti for having given me the op¬ 
portunity to present these results to the String Theory group in Tor Vergata and for 
discussions. I also wish to thank C. Bachas for the invitation to visit the Laboratoire 
de Physique Theorique de I’Ecole Normale Superieure and for his remarks on this work. 
This research is supported by a PPARC fellowship. 


References 


[ 1 ] J. M. Maldacena, The Large N Limit of Superconformal Field Theories and Supergravity, 


Adv. Theor. Math. Phys. 2 (1998) 231, hep-th/9711200 


[2] L. Girardello, M. Petrini, M. Porrati and A. Zaffaroni, Confinement and Condensates 
Without Fine Tuning in Supergravity Duals of Cauge Theories, JHEP 9905 (1999) 026, 
liep-th/9903026 . 


[3] J. Polchinski and M. Strassler, The String Dual of a Confining Four-Dimensional Cauge 


Theory, liep-th/0003136 


[4] K. Pilch and N. P. Warner, N = 1 Supersymmetric Renormalization Croup Flows from 
IIB Supergravity, |hep-th/0006066, N = 2 Supersymmetric RC Flows and the IIB Dila- 


ton, Nucl. Phys. B594 (2001) 209, liep-th/0004063 


19 





















[5] J. M. Maldacena and C. Nunez, Towards the large N limit of pure N=1 super Yang Mills, 


Phys. Rev. Lett. 86 (2001) 588, hep-th/0008001 


[6] J. P. Gauntlett, N. Kim, D. Martelli and D. Waldram, Wrapped fivebranes and N = 2 
super Yang-Mills theory, Phys. Rev. D64 (2001) 106008, hep-th/0106117. 

[7] F. Bigazzi, A. L. Cotrone and A. Zaffaroni, N = 2 Gauge Theories from Wrapped Five¬ 


branes, Phys. Lett. B519 (2001) 269, liep-th/0106160 


[8] 1. R. Klebanov and N. A. Nekrasov, Gravity Duals of Fractional Branes and Logarithmic 


RG Flow, Nucl. Phys. B574 (2000) 263, hep-th/9911096 


[9] 1. R. Klebanov and A. A. Tseytlin, Gravity Duals of Supersymmetric SU{N) x SU{N -\- 


M) Gauge Theories, Nucl. Phys. B578 (2000) 123, hep-th/0002159 


[10] 1. R. Klebanov and M. J. Strassler, Supergravity and a Gonfining Gauge Theory: Du¬ 
ality Gascades and x^B-Resolution of Naked Singularities, JHEP 0008 (2000) 052, 
|hep-th/0007191 . 


[11] F. Bigazzi, L. Girardello and A. Zaffaroni, A note on regular type 0 solutions and con¬ 


fining gauge theories, Nucl. Phys. B598 (2001) 530, hep-th/0011041 


[12] M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda, R. Marotta and 1. Pesando, Fractional 
D-branes and their gauge duals, JHEP 0102 (2001) 014, kep-th/OO 11077 . 

[13] J. Polchinski, N = 2 Gauge/Gravity Duals, Int. J. Mod. Phys. A16 (2001) 707, 


|hep-th/0011193 


[14] O. Aharony, A note on the holographic interpretation of string theory backgrounds with 
varying flux, JHEP 0103 (2001) 012, tiep-th/OlOlOPj . 

[15] M. Petrini, R. Russo and A. Zaffaroni, N = 2 Gauge Theories and Systems with Frac¬ 
tional Branes, Nucl. Phys. B608 (2001) 145, |iep-th/0 104026 . 

[16] M. Billo, L. Gallot and A. Liccardo, Glassical geometry and gauge duals for fractional 


branes on ALE orbifolds, Nucl. Phys. B614 (2001) 254, liep-th/0105258 


[17] M. Graha and J. Polchinski, Gauge/Gravity Duals with Holomorphic Dilaton, 
|hep-th/0106014 . 


[18] M. Bertolini, V. L. Campos, G. Eerretti, P. Fre, P. Salomonson and M. Trigiante, Su¬ 
persymmetric 3-branes on smooth ALE manifolds with flux, ^iep-th/0106186| . 

[19] M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda and R. Marotta, N=2 Gauge theories on 


systems of fractional D3/D7 branes, liep-th/0107057 


[20] M. R. Douglas and G. Moore, D-branes, Quivers, and ALE Instantons, hep-th/9603167. 


20 





























[21] D. Diaconescu and J. Gomis, Fractional Branes and Boundary States in Orbifold Theo¬ 
ries, JHEP 0010 (2000) 001, |hep-th/9906242| . 


[22] N. Seiberg and E. Witten, Monopoles, Duality and Chiral Symmetry Breaking in N=2 
Supersymmetric QCD, Nucl. Phys. B431 (1994) 484, |hep-th/9408099| . 

[23] C. V. Johnson, A. W. Peet and J. Polchinski, Gauge Theory and the Excision of Repuls on 


Singularities, Phys. Rev. D61 (2000) 086001, hep-th/9911161 


[24] A. Buchel, A. W. Peet and J. Polchinski, Gauge Dual and Noncommutative Extension 
of an N=2 Supergravity Solution, Phys. Rev. D63 (2001) 044009, |hep-th/0008076| . 

[25] N. Evans, C. V. Johnson and M. Petrini, The Enhancon and N=2 Gauge Theory/Gravity 
RG Flows, JHEP 0010 (2000) 022, |hep-th/0008081 . 


[26] M. B.Green and M. Gutperle, Effects of D-instantons. Nucl. Phys. B498 (1997) 195, 
|hep-th/9701093 . 


[27] M. B. Green, M. Gutperle and P. Vanhove, One loop in eleven dimensions, Phys.Lett. 


B409 (1997) 177, hep-th/9706175 


[28] C.P. Bachas, P. Bain and M.B. Green, Curvature terms in D-brane actions and their 


M-theory origin, JHEP 9905 (1999) 011, hep-th/9903210 


[29] B. Brinne, A. Fayyazuddin, S. Mukhopadhyay and D. J. Smith, Supergravity M5- 
branes wrapped on Riemann surfaces and their QFT duals, JHEP 0012 (2000) 013, 
|hep-th/0009047 . 


[30] M. Bianchi and A. Sagnotti, Twist symmetry and open string wilson lines, Nucl. Phys. 
B361 (1991) 519. 


[31] E. G. Gimon and J. Polchinski, Consistency Conditions for Orientifolds and D- 
Manifolds, Phys. Rev. D54 (1996) 1667, liep-th/9601038| . 

[32] H. Ooguri and C. Vafa, Two-Dimensional Black Elole and Singularities of GY Manifolds, 
Nucl. Phys. B463 (1996) 55, liep-th/951116^ . 

[33] R. Gregory, J. A. Harvey and G. Moore, Unwinding strings and T-duality of Kaluza- 


Klein and H-Monopoles, Adv. Theor. Math. Phys. 1 (1997) 283, hep-th/9708086 


[34] A. Karch, D. Lust and D.J. Smith, Equivalence of Geometric Engineering and Hanany- 
Witten via Fractional Branes, Nucl. Phys. B533 (1998) 348, hep-th/980323!^ . 


[35] A. Dabholkar and J. Park, Strings on Orientifolds, Nucl. Phys. B477 (1996) 701, 
|hep-th/9604178 . 

[36] J. D. Blum and A. Zaffaroni, An Orientifold from F Theory, Phys. Lett. B387 (1996) 
71, tiep-th/9607n9 . 


21 


































[37] 

[38] 

[39] 

[40] 

[41] 


J. D. Blum and K. Intriligator, Consistency Conditions for Branes at Orbifold Singular¬ 
ities, Nucl. Phys. B506 (1997) 223, jiep-th/9705030| . 

E. Eyras and S. Panda, Non-BPS Branes in a Type I Orbifold, JHEP 0105 (2001) 056, 
piep-th/ 0009224 . 


N. Quiroz and B. Stefanski Jr, Diriehlet Branes on Orientifolds, hep-th/0110041 


J. Park and A. M. Uranga, A Note on Superconformal N=2 theories and Orientifolds, 
Nucl. Phys. B542 (1999) 139, hep-th/980816i] . 


S. Gukov and A. Kapustin, New N=2 superconformal field theories from M/F theory 


orbifolds, Nucl. Phys. B545 (1999) 283, hep-th/9808175 


[42] I. Ennes, C. Lozano, S. Naculich and H. Schnitzer, Elliptic Models, Type IIB Orientifolds 
and the AdS/CFT Correspondence, Nucl. Phys. B591 (2000) 195, liep-th/000614d| . 


[43] O. Aharony, A. Fayyazuddin and J. Maldacena, The Large N Limit of M = 2,1 Field 
Theories from Threebranes in F-theory, JHEP 9807 (1998) 013, liep-th/9806159| . 


[44] B. R. Greene, A. D. Shapere, C. Vafa and S.-T. Yau, Stringy Cosmie String and non¬ 
compact Calabi-Yau Manifolds, Nucl. Phys. B337 (1990) 1. 


[45] M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda, R. Marotta and R. Russo, Is a clas¬ 
sical description of stable non-BPS D-branes possible?, Nucl. Phys. B590 (2000) 471, 
|hep-th/0007097 . 


[46] M. Wijnholt and S. Zhukov, Inside an Enhangon: 


Theory, hep-th/0110109 


Monopoles and Dual Yang-Mills 


[47] J. Harvey and J. Liu, Magnetie Monopoles in N=4 Supersymmetric Low-Energy Super¬ 
string Theory, Phys. Lett. B268 (1991) 40. 


[48] S. A. Gherkis and A. Kapustin, Nahm Transform For Periodic Monopoles And N=2 
Super Yang-Mills Theory, Gommun. Math. Phys. 218 (2001) 333, |hep-th/0006050| . 

[49] E. D’Hoker, 1. M. Krichever and D. H. Phong, The Effective Prepotential of N=2 
Supersymmetric SO{Nc) and Sp{Nc) Gauge Theories, Nucl. Phys. B489 (1997) 211, 
|hep-th/9609145 . 

[50] A. M. Uranga, A New Orientifold of C‘^/Zf^ and Six-dimensional RG Fixed Points, 
Nucl.Phys. B577 (2000) 73, |hep-th/9910155 . 

[51] S.W. Hawking, Gravitational Instantons, Phys. Lett. A60 (1977) 81. 

G.W. Gibbons and S.W. Hawking, Gravitational multi-Instantons, Phys. Lett. B78 
(1978) 430. 

T. Eguchi, P. B. Gilkey and A. J. Hanson, Gravitation, Gauge Theories and Differential 
Geometry, Phys. Rept. 66 (1980) 213. 


22 






























[52] Gradshteyn and Ryzhik, Table of integrals series and produets, Academic Press. 

[53] E. BergshoefF, C.M. Hull and T. Ortin, Duality in the Type-II Superstring Effective 


Action, Nucl. Phys. B451 (1995) 547, liep-th/9504081 


[54] A. Fayyazuddin and D. J. Smith, Localized intersections of M5-branes and four¬ 
dimensional superconformal field theories, JHEP 9904 (1999) 030, liep-th/99022ld| . 

[55] A. Fayyazuddin and D. J. Smith, Warped AdS near-horizon geometry of completely 


localized intersections of M5-branes, JHEP 0010 (2000) 023, |hep-th/ 0006060 


[56] E. Witten, Solutions Of Four-Dimensional Field Theories Via M Theory, Nucl. Phys. 


B500 (1997) 3, |hep-th/9703166 


[57] P. Di Vecchia, H. Enger, E. Imeroni and E. Lozano-Tellechea, Gauge theories from 


wrapped and fractional branes, hep-th/0112126 


23 









